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Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator and is effective in term and near-term infants with hypoxemic respiratory failure (HRF) and persistent pulmonary hypertension of the newborn (PPHN).
1 However, iNO does not reduce mortality or bronchopulmonary dysplasia (BPD) in preterm neonates 34 weeks postmenstrual age (PMA) with HRF. 2 A consensus statement from the National Institutes of Health (NIH) stated that available evidence does not support the use of iNO as an early-rescue regimen in preterm infants < 34 weeks PMA. 3 American Academy of Pediatrics (AAP) strongly recommends against routine or rescue use of iNO in preterm infants. 4 Both these statements cited safety concerns with the use of iNO in extremely low birth weight infants. This cohort of infants had higher mortality and risk of intraventricular hemorrhage (IVH) with iNO therapy for HRF. Despite these recommendations, off-label use of iNO continues to increase in preterm infants in the neonatal intensive care unit (NICU) 5 possibly by instinct or in a desperate attempt when faced with an extremely hypoxemic preterm infant on maximal ventilator support.
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Inhaled NO therapy has not been beneficial in preterm infants with HRF in randomized trials. [7] [8] [9] A large prospective multicenter randomized controlled trial conducted by Van Meurs et al did not demonstrate any reduction in mortality or BPD with iNO in premature infants with HRF. 10 In fact, the incidence of severe IVH and mortality was higher in the iNO group as compared with placebo in the 1,000 g birth weight infants. However, a retrospective post hoc analysis of this study suggested that a subset of premature infants with preterm prolonged rupture of membranes (pPROM), oligohydramnios, and pulmonary hypoplasia may have benefitted from iNO therapy. 11 Similar conclusions were derived from other case reports/series linking pPROM to improved survival with iNO in preterm infants [12] [13] [14] possibly because of a transient defect in NO generation with pPROM.
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The existence and the hemodynamic and histological features of early pulmonary hypertension (PH) and HRF in preterm infants are subjects of controversy. 6, 16 Recently, Cheng et al 17 utilized functional echocardiography (fECHO)
to assess hemodynamics prior to the use of iNO and demonstrated tricuspid regurgitation and bidirectional/right-to-left shunt at patent ductus arteriosus and patent foramen ovale in preterm infants with PH. Histologically, the intra-acinar arteries in the developing lungs of preterm infants are nonmuscular or have a partial muscular layer. 18 Unlike term infants and preterm infants with BPD, 19 where clinical, hemodynamic, and histological features of pulmonary hypertension 20 are well established, there is limited literature in preterm infants with early onset HRF and PH (first 28 days of postnatal age, before the onset of BPD). 18, 19 Despite improvements in the use of antenatal steroids, ventilation strategies, and nutrition in preterm infants, the use of iNO in this population has not decreased. We report a single-center retrospective study over a 13-year period looking at clinical and histological characteristics of preterm infants with HRF treated with iNO. We first compared preterm infants with HRF treated with iNO with matched controls to identify risk factors associated with HRF. Next, we evaluated factors that predicted a favorable outcome following iNO therapy in preterm infants. Finally, we correlated severity of HRF to pulmonary vascular remodeling at autopsy.
Methods
The For the purpose of this study, only mothers who received two doses of betamethasone were considered to have received antenatal steroids. Rupture of membranes ! 18 hours prior to delivery was used as the cut-off for definition of pPROM.
The time of initiation of iNO along with indication (PH and/ or HRF), blood gas data before and after initiation of iNO, and ventilator settings were collected in the study group. Initiation of iNO within the first 4 weeks of postnatal period was arbitrarily termed as "early" iNO therapy to distinguish patients with BPD and PH. A complete oxygenation response to iNO was defined as an increase in PaO 2 
Lung Histopathology
Sections of the lung tissue obtained at autopsy were evaluated for morphologic changes in arterioles in PH and/or HRF. The histology slides were prepared from formalin-fixed, paraffin-embedded tissue sectioned at 4.0 μm and stained with hematoxylin-eosin. An additional immunohistochemical stain for smooth muscle actin (SMA) was performed. The deparaffinized and rehydrated tissue sections were incubated with SMA primary antibody (Actin, smooth muscle (1A4) prediluted mouse monoclonal antibody, Ventana catalog number: 760-2833, Ventana, Basel, Switzerland) followed by application of the Ventana Roche detection kit according to the automated slide stainer manufacturer's instructions. The slides were counter-stained with hematoxylin. Appropriate negative and positive control tissues were used as an external validation of the immunostaining procedure. Nine preterm infants < 34 weeks PMA who died at < 28 days postnatal age and had an autopsy performed were chosen. Hematoxylin and eosin (H&E)-stained slides were used to assess the patency of the intra-acinar arteries and corresponding SMA-stained sections were used to assess the thickness of the smooth muscle. All slides were scanned at 40Â using Aperio scanner (Leica Biosystems, San Diego, CA, USA) and further analysis of scanned whole-slide images was performed using the Aperio ImageScope viewing application. Image analyzer was used to measure the smooth muscle area of the intra-acinar arteriole with diameter < 60 µm. The vessel structure was analyzed at 40Â magnification. The two independent analysts (P. K. and M. R.) were blinded to the respiratory course of the patients and measured the area of the smooth muscle. Ten random fields of intra-acinar arteries were chosen to assess the smooth muscle area and the ratio of the area of smooth muscle to the total area of the vessel was calculated.
Arterial blood gases and OI data were not available for some controls and a few cases. A simplified respiratory severity score (RSS ¼ FIO 2 Â mean airway pressure [MAP] ) was calculated at a specified time (12 noon) when the infant was stable each day. The mean RSS for the entire length of stay of each infant (average of daily RSS values from the date of birth to date of death) was correlated with histological changes.
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Statistics
Bivariate analyses were performed to assess the characteristics of infants with PH and/or HRF and their outcomes. Normally distributed continuous variables are expressed as mean and standard deviation (SD) and skewed variables as median and interquartile range (IQR). Chi-square tests were used for categorical variables and unpaired t-test for continuous variables. Cases were further analyzed to study the characteristics of survivors using logistic regression. Multiple logistic regressions were used to calculate odds ratio and adjusted odds ratio (OR) with 95% confidence interval (CI). Variables in regression analysis were selected by forward stepwise regression with statistical significance defined as p < 0.05. Patients with missing data points were excluded from the analysis. The ratio of thicknesses of smooth muscle to the whole area of the vessel was correlated to the severity of respiratory illness (RSS) for the entire NICU course as described previously.
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Results
Factors Associated with Pulmonary Hypertension and/ or Hypoxemic Respiratory Failure and Treatment with Inhaled Nitric Oxide (Comparison with Controls)
Ninety-three preterm infants with early PH and or HRF were treated with iNO within the first 28 days of postnatal age between 2002 and 2014. They were matched with 930 controls. The characteristics of these infants are shown in ►Table 1. Infants with PH and/or HRF and treated with iNO had a higher incidence of delivery by cesarean section, pPROM, and oligohydramnios compared with controls. There was no difference in frequency of prenatal corticosteroid use or chorioamnionitis. As expected, infants with PH and/or HRF treated with iNO had longer periods of intubation and ventilation. Preterm infants treated with iNO had a shorter duration of noninvasive ventilation following extubation (►Table 2). Infants with PH and/or HRF treated with iNO also had higher rates of BPD, vasopressor use, postnatal steroid use, severe ROP, and mortality compared with controls (►Table 2).
Initiation of Inhaled Nitric Oxide
Fifty-seven percent of the infants treated with iNO were extremely preterm at 25 weeks PMA at birth. Inhaled NO was initiated at 20 ppm within the first 2 weeks after birth in 84% of patients. The OI prior to initiation of iNO was 32 AE 23.
Indication for Inhaled Nitric Oxide Therapy
Therapy with iNO was initiated for two indications: preterm neonates with moderate HRF (OI, 25 AE 13) with echocardiographic evidence of PH (n ¼ 29) prior to initiation of iNO; and severe HRF (33 AE 15) where iNO was initiated as a desperate measure without a prior echocardiogram (n ¼ 64). All infants underwent an echocardiogram within a few hours of iNO initiation and six additional infants in this group also had signs of PH in spite of treatment with iNO. Inhaled NO was initiated at an earlier postnatal age in infants with PH on echocardiogram compared with infants with severe HRF without PH (6 AE 5 vs 9 AE 6 days, p ¼ 0.02). Echocardiographic evidence of PH prior to initiation of iNO was not associated with a higher incidence of oxygenation response to iNO (13/ 29 ¼ 45% vs 27/64 ¼ 42%, p ¼ 0.8) or mortality (5/29 ¼ 17% vs 18/64 ¼ 28%, p ¼ 0.26). The subset of infants with HRF without prior echocardiogram had a birth weight of 876 AE 490 g, PMA of 26 AE 3 weeks at birth, and OI of 33 AE 26 prior to iNO and were associated with a 28% mortality and 12.5% risk of grade 3 or 4 IVH and PVL. The subset of 29 patients with evidence of PH on echocardiography prior to initiation of iNO were born at 27 AE 3 weeks gestation with a birth weight of 992 AE 564 g and had OI of 24.9 AE 13.3 prior to iNO and were associated with 17% mortality and 10% risk of grade 3 or 4 IVH and PVL.
Oxygenation Response to Inhaled Nitric Oxide
Forty infants (43%) had a short-term oxygenation response to iNO 3 (20 mm Hg increase in PaO 2 /FIO 2 ratio) (►Table 3).
Responders had significantly higher birth weight, gestational age, higher incidence of pPROM, and better survival compared with nonresponders (►Table 3).
Duration of Inhaled Nitric Oxide Therapy
The duration of treatment of iNO was not significantly different between responders and nonresponders (►Table 3). Inhaled NO was weaned, but continued at low doses for prolonged period among some survivors. The duration of iNO therapy among preterm infants in this study was 316 AE 255 hours. The median duration of iNO therapy was shorter among responders compared with nonresponders but was not statistically significant (►Table 3). Among survivors, the median duration of iNO therapy was 277 hours (IQR, 76-575 hours). In comparison, the mean duration of iNO use among term babies with PPHN (excluding diaphragmatic hernia) at our institution from 2012 to 2014 is 46 AE 45 hours. The current cost of iNO per hour at our institution is $137. The median cost of iNO therapy (using current rates) was $ 37,949 per survivor.
Factors Associated with Survival
Among preterm infants treated with iNO for PH and/or HRF, the infants who survived had a complete course of prenatal steroids, pPROM, and a short-term response to iNO (►Table 4). Logistic regression analysis after controlling for gestational age and birth weight showed increased odds for survival with complete course of antenatal steroids (OR, 3.7; CI, 1.2-11.3; p ¼ 0.02) and short-term response to iNO (OR, 3.7; CI, 1.08-13.1; p ¼ 0.037). pPROM was significant by unadjusted OR (1.1 [1.001-1.400, p ¼ 0.03]). However, after adjusting for gestational age and birth weight, pPROM (OR, 1.001; CI,1.0-1.004; p ¼ 0.3) had an increased tendency toward survival, but was not statistically significant (►Fig. 1).
Based on these findings, the mortality and neurologic morbidity along with BPD of individual groups are shown as an algorithmic flow chart in ►Fig. 2. Preterm infants with PH and or HRF exposed to prenatal steroids and delivered after at least 18 hours of pPROM with a short-term oxygenation response to iNO (n ¼ 13) had a 100% survival without severe IVH or PVL. In contrast, preterm infants with PH and/or HRF without prenatal steroids or PROM who did not respond to iNO had a 48% survival with 16% incidence of severe IVH or PVL (p ¼ 0.004) (►Fig. 2).
Outcomes Based on Gestational Age
The incidence of BPD was significantly different at different gestational age groups decreasing from 90% in the most immature cases ( 24 weeks PMA) to 53% of 3 28 weeks developing BPD compared with the rest (p < 0.05, ►Table 5). The incidence of NEC, ROP, IVH, and PVL decreased with advancing gestational age but this difference did not reach statistical significance (►Table 5).
Histology
The clinical characteristics of nine infants who died with HRF and underwent autopsy are shown in ►Table 6. Five of these infants were treated with iNO and four were not (►Table 6). The mean RSS for the whole duration of each infant's hospitalization is shown in this table. A representative sample of H&E and the SMA stained lung sections are shown in ►Fig. 3A,B. An example of a normal intra-acinar artery with partial muscularization from a preterm infant that died due to a nonrespiratory cause is shown in ►Fig. 3C,D for comparison. The smooth muscle to the total area of the vessel was measured and expressed as smooth muscle area ratio (SMR). The RSS in these nine infants were 9.2 AE 2.6 and the SMR was 0.729 AE 0.048. There was a positive correlation between SMR and RSS (►Fig. 4).
Discussion
The clinical features and pulmonary vascular pathology in delayed PH associated with BPD has been well characterized 19,26 but there is limited literature on early PH and/or HRF, described predominantly in the first few weeks after birth in extremely preterm infants with RDS. [27] [28] [29] [30] This singlecenter case series provides clinical and histological characteristics of preterm infants presenting with HRF with or without PH that were treated with iNO at our institution. Bedside fECHO findings including determination of pulmonary blood flow and pressure should ideally be performed prior to initiation of iNO to rationalize this expensive therapy. However, similar to many units in the United States, we did not have access this technique. Hence, we report limited information on echocardiography from our cases and attempt to look at the following four clinical factors to determine a precise subgroup of preterm infants with PH and/or HRF with better chance of survival following iNO therapy: 1) presence of documented PH by echocardiogram prior to iNO therapy, 2) prenatal steroid therapy, 3) pPROM, and 4) short-term oxygenation response to iNO (►Table 4).
Preterm infants with HRF/PH (n=93)
Antenatal steroids Abbreviations: AGA, appropriate for gestational age; B.W, birth weight; GA, gestational age; HRF, hypoxemic respiratory failure; iNO, inhaled nitric oxide; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus; PH, pulmonary hypertension; ROM, rupture of membrane; RSS, respiratory severity score; RVSP, right ventricular systolic pressure; SD; standard deviation; SGA, small for gestational age; SMR, smooth muscle area ratio; TR, tricuspid regurgitation.
Echocardiographic Evidence of Pulmonary Hypertension
The existence of PH and response to iNO in preterm infants is a subject of controversy. Evidence of PH may include signs of elevated pulmonary arterial pressure such as tricuspid regurgitation or interventricular septal flattening. In addition, a right-to-left shunt or bidirectional shunt is an important variable relied upon by clinicians to adjudicate PH. Documentation of low pulmonary blood flow (Qp) may also be a sign of increased pulmonary vascular resistance (PVR). Desandes et al 31 reported that presence of low pulmonary blood flow on echocardiogram predicted a short-term (30 minute) positive oxygenation response to iNO in preterm infants. 31 Dani et al could not replicate these findings and showed that only birth weight (and not echocardiographic PH as measured by signs of elevated pressure and not low flow) predicted response to iNO at 6 hours. 32 We could not find an association between echocardiographic evidence of PH prior to initiation of iNO and oxygenation response or mortality. However, we did not have echocardiography in all subjects prior to initiating iNO therapy and may have missed infants with severe HRF with coexisting PH. We also did not measure pulmonary blood flow as done by Desandes et al and may have missed patients with low flow and no evidence of elevated pulmonary arterial pressure. These results may be explained by two speculative mechanisms. Low pulmonary blood flow may be a better predictor of response to iNO than elevated pulmonary arterial pressure. 33 The second possibility is that evidence of PH by echocardiogram only predicts short-term response to iNO (30 minute) but does not predict sustained response at 6 hours. For these reasons, we elected to focus on survival without severe IVH and/or PVL in this study. We speculate that clinical improvement seen in infants with HRF without echocardiographic evidence of PH may be due to ventilation-perfusion matching.
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Prenatal Corticosteroids
Preterm infants with PH and/or HRF treated with iNO and exposed to complete course of prenatal corticosteroids had better survival (43/50 ¼ 86% vs 27/43 ¼ 63% without prenatal corticosteroids, ►Fig. 2) and higher incidence of a positive oxygenation response to iNO (23/50 ¼ 48% vs 16/43 ¼ 37%). The beneficial effects of prenatal glucocorticoids on respiratory outcomes in preterm and term infants (after elective cesarean section) 35 are well known. In preterm lambs, prenatal betamethasone improves pulmonary blood flow. 36, 37 In late preterm lambs with PPHN induced by antenatal ductal ligation, prenatal betamethasone improved oxygenation, reduced pulmonary arterial pressure, and increased systemic blood pressure. 38 Prenatal betamethasone also enhances isoproterenol and prostaglandin E1-mediated relaxation in pulmonary arteries and veins and NO donor-mediated relaxation in pulmonary veins and coronary arteries possibly by increasing soluble guanylate cyclase in vascular smooth muscle. [39] [40] [41] [42] We speculate that a similar mechanism may explain its beneficial effects of iNO in preterm infants with PH and/or HRF. We also observed that the presence of pPROM and oligohydramnios were associated with PH and/or HRF (►Table 1). pPROM appears to have contradicting effects on preterm infants. It is possible that pPROM induces a transient defect in NO generation, 15 thereby increasing the risk of PH and/or HRF and overcoming this defect with iNO improves outcome but at the same time affects lung maturity. The recently released Pediatric PH guidelines from the American Heart Association and the American Thoracic Society state: "iNO can be beneficial for preterm infants with severe hypoxemia that is primarily due to PPHN physiology rather than parenchymal lung disease, particularly if associated with prolonged rupture of membranes and oligohydramnios" (Class IIa; Level of Evidence B). 43 Our data agree with this statement and infants treated with iNO for PH and/or HRF, history of pPROM was present in 37% of survivors and only 13% of nonsurvivors (►Table 4). In fact, survival was 90% among preterm infants treated with iNO for PH and/or HRF and history of pPROM. Similar to these findings, other investigators have observed the beneficial effect of iNO in preterm infants with HRF and pPROM.
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Oxygenation Response to Inhaled Nitric Oxide
The largest randomized trial of iNO in preterm infants with HRF included 210 infants with a birth weight of 840 AE 264 g at 26 AE 2 weeks gestation with a baseline OI of 23 AE 17. Inhaled NO at 5 ppm increased PaO 2 by > 20 mm Hg in 57% of subjects (compared with 17% with placebo). The overall mortality rate in the iNO group (n ¼ 210) was 52% with a 39% risk of grade 3 or 4 IVH or PVL. 10 However, this study did not report the mortality or incidence of IVH and/or PVL among preterm infants with short-term oxygenation response. We found significantly higher survival among preterm infants with short-term oxygenation response to iNO (►Table 3). The incidence of survival without severe IVH and/or PVL among responders was 2.8% (1 out of 35)
Cost of Inhaled Nitric Oxide Therapy
The duration of iNO use among preterm infants and associated cost is a source of concern. 44 Our institution has an automated weaning protocol 45 with respiratory therapists weaning iNO if peripheral capillary oxygen saturation 3 is 90%
and FIO 2 is < 0.6. As mentioned previously, the duration of iNO therapy among preterm infants in this study was prolonged compared with term infants. There was no significant difference in duration of iNO therapy between responders and nonresponders. Treatment with iNO does not restore endothelial nitric oxide synthase (eNOS) function 46,47 and inhibits eNOS activity in term lambs. 48 We speculate that a similar effect in preterm infants may explain the inability to wean them off iNO after initiation.
Histology
Intra-acinar arteries are usually partially muscularized or not muscularized in term infants. 18, 25 Interestingly, preterm infants who died with severe HRF demonstrated completely muscularized intra-acinar arteries. The histological features of these pulmonary arteries was similar to that described in term infants with PPHN 49 and preterm infants with BPD and PROM. 24, 25 The smooth muscle thickness did not show a trend with gestational age or postnatal age at the time of death of these infants. We found a positive correlation between the mean RSS for the entire duration of NICU stay to intra-acinar pulmonary arterial smooth muscle thickness and were similar in infants treated with and without iNO (►Fig. 4). But these data were based on nine infants and further studies evaluating histological evidence of pulmonary artery remodeling are warranted.
Limitations
Besides being a single-center retrospective study, we did not have echocardiogram done prior to initiating iNO on all infants with HRF. In addition, we did not have uniform oxygenation index cut-off for initiation of iNO. Over the years, our changes in practice such as earlier extubation, caffeine use, and lesser days of use of invasive mode of ventilation might have affected the overall outcomes. Few infants did not have arterial blood gases and oxygenation indices and we used RSS as an alternative to assesses severity of HRF especially in infants that did not survive and had an autopsy. The cost estimates were based on the current cost of iNO and not at the time of use. The low number of infants with autopsy (9/23 infants) limits the generalizability of these findings. The pulmonary arteries in the autopsy specimen were not perfusion-fixed. Nevertheless, percentage circumference of intra-acinar arteries with SMA is a qualitative assessment of muscularization that is not dependent on the degree of vessel expansion 24 and it positively correlated with the RSS. We conclude that early HRF in preterm infants is associated with pulmonary vascular remodeling similar to PPHN in term infants. We agree with the recommendation from AAP and consensus panel at NIH that based on currently available evidence from randomized controlled trials there is no indication for rescue therapy with iNO for HRF in preterm infants. However, data from our center, California Perinatal database and Pediatrix database show that nontargeted indiscriminate use of iNO is a common practice. In today's era of precision medicine in conditions such as pulmonary arterial hypertension, 50 it is crucial to identify a specific target preterm population with HRF that can potentially benefit from iNO (►Fig. 5). Our study suggests that among preterm infants < 34 weeks gestation with HRF, the presence of the following criteria may enhance survival: 1) exposure to a complete course of prenatal steroids, 2) prolonged rupture of membranes, and 3) a positive short-term oxygenation response to a 60-minute trial of iNO. Echocardiographic evidence of increased PVR (low Qp and high pulmonary arterial pressures) was not evaluated in this study but may potentially be an important determinant of survival among preterm infants treated with iNO. A randomized trial to address the benefit of iNO in this subpopulation with echocardiographic evidence of PH is required, although practically difficult due to lack of equipoise among neonatal providers. 51 In addition, effective strategies to wean iNO in infants with HRF, limiting the duration of exposure, and reducing costs require further investigation.
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